A decade-long effort to estimate nearshore (20 m depth) wave conditions based on offshore buoy observations along the California coast is described. Offshore, deep water directional wave buoys are used to initialize a nonstationary, linear, spectral refraction wave model. Model hindcasts of spectral parameters commonly used in nearshore process studies and engineering design are validated against nearshore buoy observations seaward of the surfzone. The buoy-driven wave model shows significant skill at most validation sites, but prediction errors for individual swell or sea events can be large. Model skill is high in north San Diego County, and low in the Santa Barbara Channel and along the southern Monterey Bay coast. Overall, the buoy-driven model hindcasts have relatively low bias and therefore are best suited for quantifying mean (e.g. monthly or annual) nearshore wave climate conditions rather than extreme or individual wave events. Model error correlation with the incident offshore wave energy, and between neighboring validation sites, may be useful in identifying sources of regional modeling errors.
Introduction
Spectral wave energy and radiation stresses, just prior to depthlimited wave breaking in the surfzone, are critical boundary conditions for modeling nearshore circulation, wave runup, and sediment transport. However, nearshore wave spectra in California often vary on relatively short longshore length scales [O(few wavelengths)] , owing to complex shelf bathymetry, making it impossible to measure directly the regional nearshore wave climate using existing measurement technology. Therefore, validated models for nearshore waves are important when managing nearshore hazards at both short and long time scales (e.g. 2 day to 50 year forecast scenarios of coastal flooding).
Nearshore waves in California are typically estimated using a Pacific ocean-scale wind-wave model (e.g. Wavewatch-III, Chawla et al., 2013) as a boundary condition for a "nested" coastal wind-wave hindcast model which resolves wavelength-scale shallow water bathymetric features (e.g. SWAN, Rogers et al., 2007; Adams et al., 2008; Van der Westhuysen et al., 2013 , Barnard et al., 2014 . The bias and skill of nearshore wind-wave hindcasts has improved significantly with improvements in the offshore boundary conditions (frequency-directional spectra) from the deep water wind-wave models, particularly in the swell frequency bands in the Pacific (Hanson et al., 2009 ). Nevertheless, challenges remain owing to the sensitivity of annual longshore wavedriven mass flux to a small bias in the nearshore wave direction parameters and the availability of historical high resolution coastal wind field boundary conditions (Rasmussen et al., 2009) . Assimilating buoy measurements into wind-wave model hindcasts is an area of active research (Orzech et al., 2013; Panteleev et al., 2015) , but in engineering practice nearshore buoys are mostly used for hindcast validation.
Here, in contrast to initializing a coastal wind-wave model with an ocean-scale model, a network of deep water directional buoy measurements are used to initialize a linear wave propagation model. The computationally fast model estimates nearshore wave energy and loworder directional spectra moments with O(1 wavelength) alongshore resolution. Future work combines offshore buoys and global scale models to improve the initialization of local models.
The California buoy array is described in Section 2. In Section 3, the Maximum Entropy Method (Lygre and Krogstad, 1986 ) is used to estimate hourly frequency-directional spectra at offshore deep water buoys, providing boundary conditions for a non-stationary linear wave propagation model (Pierson et al., 1952; Longuet-Higgins, 1957; Dorrestein, 1960; LeMehaute and Wang, 1982; O'Reilly and Guza, 1991 , 1993 , 1998 . The spectrum is split into swell (f = 0.0375-0.0875 Hz) and sea (f = 0.0875-0.5 Hz) bands. For each nearshore prediction point, directional spectra estimates from multiple offshore buoys are combined with a weighting that depends on the frequency band, deep water wave direction and prediction buoy location (Appendix B).
In Section 4, the buoy-driven prediction methodology is validated with nearshore wave observations at 13 shallow (~20 m depth) sites. Prediction accuracy (R 2 skill, bias and rms error) is assessed for total wave energy, the centroid frequency, the peak frequency, and the mean direction.
The model performs best in the southern section of the Southern California Bight (San Clemente Basin), poorly in the Santa Barbara and San Pedro Channel regions, and moderately well elsewhere.
The potential utility of the nearshore hindcast in practical coastal engineering applications is examined in Section 5. Predictions of the longshore radiation stress, S xy , the principal driver of alongshore sediment transport, validate well in north San Diego and Orange Counties for a given shore normal direction. However, uncertainty in defining the local shoreline normal creates significant S xy uncertainty.
The peak frequency, f p , a commonly used parameter in empirical wave runup formulas (Stockdon et al., 2006) , is shown to be unstable in southern California when sea and swell peak energies are similar.
In Section 6, long concurrent records from southern California buoys, sheltered from incident swell by the offshore Channel Islands, are used to examine the source of model error in the swell band. At some sheltered buoys, errors correlate most strongly with conditions offshore of the Channel Islands, while errors at other buoys are more highly correlated with errors at adjacent buoys. Section 7 is a summary.
Wave monitoring: the California Directional Wave Buoy network
A network of 17 Waveriders at fixed deep water locations monitored incident deep water wave conditions in three relatively highly populated coastal regions; southern California (U.S. Mexico border to Morro Bay), central California (Big Sur to Bodega Bay) and northern California (Humboldt Bay Area). Six buoys were moored well offshore, seaward of islands and shoals, to monitor incident swell (squares in Fig. 1 ), and 11 buoys were moored near the mainland shelf break to monitor locally generated seas and validate the swell model. These observations are combined to predict sea and swell at nearshore locations along the mainland coast (Section 3). The deployment periods ranged from 5 to 14 years, all between 2001 and 2014 (Tables 1, 2) .
Waveriders are translational buoys that measure accurately the sea surface position (x, y and z) of swell (O'Reilly et al., 1996) . Every halfhour, on-board analysis yields estimates of the wave energy, a0, and lowest order moments of the directional wave spectrum S(f,θ) at each frequency, retained as normalized directional Fourier coefficients a1, b1, a2, and b2 (e.g., Kuik et al., 1988) .
Hourly wave energy and directional Fourier coefficients are obtained by merging half-hourly records, the directional coefficients are smoothed with a 3-hour running mean filter, and a directional estimator is used to make hourly S(f,θ) wave model input spectra. Different estimators use different optimizing criteria (e.g., maximum directional smoothness, maximum entropy). The Maximum Entropy Method (MEM, Lygre and Krogstad, 1986) used here fits the measured directional coefficients exactly, eliminating any possibility of time-averaged estimator bias in the resulting directional distribution moments, compared to the original observations. MEM also produces narrow directional peaks. These are desirable estimator attributes for wave climate estimation on a swell-dominated coast.
CDIP Waverider buoy stations in shallow water, usually deployed for a few years, are used to validate the prediction methodology (Table 3) . Most of the shallow southern California buoys are on relatively uncomplicated sandy stretches of coastline specifically selected for testing the model applicability for generic beach process studies. The few nearshore buoys in central and northern California were deployed for other applications, and severe local bathymetric features make them suboptimal for general model testing. Most of the nearshore wave predictions use Waverider observations ( Fig. 1 ), but observations from the National Data Buoy Center (NDBC) 3 m discus buoys were sometimes used to fill data gaps, particularly for the local seas in central and northern California (e.g. 46,026 in Fig. 1 ). CDIP buoy stations used in this study are listed in Tables 1-3.
Wave prediction: a non-stationary linear spectral refraction model
A backward ray-tracing linear spectral refraction model (Pierson et al., 1952; Longuet-Higgins, 1957; and Dorrestein, 1960 ) is used to estimate the transformation of wave spectra from deep water buoy stations to nearshore prediction points. Spectral refraction was first used to study California swell by Munk et al. (1963) , and later by LeMehaute and Wang (1982) ; O'Reilly and Guza (1991, 1993) , and others.
Spectral refraction accounts for island blocking, wave refraction, and wave shoaling. It has been validated in Southern California (O'Reilly and Guza, 1993; O'Reilly and Guza, 1993; Rogers et al., 2002) and is well suited for the U.S. West Coast, where the continental shelf is steep and narrow, and bottom dissipation is believed small (García-Medina et al., 2013) . In steady conditions, the deep water spectrum, S o (f,θ o ), and the wave spectrum at a shallow location, S(f,θ), are related by.
The subscript, o, refers to the incident wave spectrum in deep water, k is the scalar wave number and C g the group velocity for a given wave frequency and water depth based on the linear dispersion relation. Eq. (1) is valid along a ray path, and Γ, the relationship between θ and θ o , is obtained by back-refracting wave rays from the shallow or sheltered site (e.g., Figs. 1-3, O'Reilly and Guza, 1991) . LeMehaute and Wang (1982) refer to Γ as the inverse direction function.
Unsteady conditions are modeled by introducing time, t, and a time lag τ. Model initialization uses n deep water buoys with weighting function w.
where the time lag, τ(f, θ o ), is estimated based on the idealized deep water path of a wave group front arriving from the direction θ o and passing through the deep water buoys and nearshore prediction locations (Appendix B, Fig. B1 ). The weighting function w(n, θ o ) for buoy n is based on the proximity distance, d n , of the buoy to the θ o great circle path passing through the prediction site. For a given deep water direction, the more directly "upwave" or "downwave" a buoy is to the prediction site, the higher the weight relative to the other deep water buoys (see Appendix B, Fig. B1 ),
A maximum of N = 2 buoys, the highest weighted upwave and downwave buoys, are used for each θ o arrival direction in Eq. (3). For swell prediction, w(θ o ) is also used to restrict buoy estimates of S(θ o ) to the plausible range of directions for pacific swell arrivals by setting landward directions of w(θ o ) = 0. Using multiple buoys for boundary conditions allows continuous nearshore predictions when some buoys are inoperable. Eq. (2) yields a linear transformation of time series of deep water directional spectra to time series of wave energy or any directional moment of the nearshore wave spectra, 
The matrix b of total wave energy and directional moments at a sheltered site is related to the energy in discrete frequency-direction bins (Δf,Δθ o ) of the offshore spectra, S o , by a forward model transformation matrix A. Each element of A is derived from the right-hand side of Eq. (5), which is integrated over discrete segments of the inverse direction function Γ(f, θ) that fall within the range of each Δθ o deep water direction band.
To predict the nearshore wave spectrum using deep water buoys, the spectrum is split into swell (f = 0.0375-0.0875 Hz) and sea (f = 0.0875-0.5 Hz) components. The swell component (also known as ground swell) has distant sources, and offshore boundary conditions are applied seawards of islands and shoals (black squares, Figs 1 and 2). The sea components (also known as wind swell, chop, and local seas), generated closer to the coastline, are predicted using buoys nearer the coast, but still in deep water for waves in this frequency range (black triangles, Figs 1 and 2). The 0.0875 Hz cutoff between the sea and swell bands is based on the sharp decrease in observed swell energy at 0.08-0.10 Hz in the dispersive arrivals of swell from distant storms (e.g. Munk et al., 1963) .
Model validation
An important purpose of the buoy network is to provide wave input to nearshore coastal process models (surfzone circulation, runup, and sediment transport). Therefore, the validation parameters are based on the aspects of nearshore waves important to nearshore processes: wave energy (E), the first moment (the centroid, f c ) of the frequency spectrum, and the mean direction of second moment of the directional spectrum (θ 2 ) (critical to estimating wave radiation stresses). Two additional common validation parameters, significant wave height (H s ) and the peak wave frequency (f p ), are also presented (Appendix A). However, in California, the observed and modeled f p is sometimes unstable, jumping between sea and swell peaks of similar energy (Section 5.2). Frequency integrated, predictions of bulk wave parameters are, from Eq. (5),
where f is integrated over the swell bands, sea bands, or all frequencies.
Hourly predictions (Eqs. (3) and (4)) are compared with concurrent hourly nearshore buoy observations. Model performance is assessed with: the R-squared coefficient of determination, or model skill,
and bias removed root-mean-square errors
Annual model skill and bias at the nearshore buoys (Figs. 1 and 2, Table 3 ) are summarized in Fig. 3 (Appendix A has tabulated values), and shown seasonally (winter vs. summer months) in Figs. 4 and 5.
For the year-round, total spectrum energy hindcasts (black circles, upper panel, Fig. 3a, b) , the buoy-driven model shows the best nearshore hindcast skill in the San Clemente Basin section of southern California (R 2 N 0.9; bias b 10%). Skill is lower (R 2 b 0.8) and bias higher (N 15%) on the south shore of Monterey Bay, and at the east end of the Santa Barbara Channel. Elsewhere, skill and bias are moderate (0.8 b R 2 b 0.9; bias b 15%). Centroid frequency and 2nd moment mean direction hindcasts showed similar regional performance patterns (black circles, middle and bottom panels, Fig. 3a, b ), but with lower average skills than energy. R 2 can be a negative number, when the bias error exceeds the standard deviation of the observations, and is plotted as zero skill (e.g. Monterey Cabrillo Point swell skill, Fig 3a) .
When decomposed into sea and swell components (black triangles and squares, Fig. 3a, b) , the model performance becomes more nuanced for the San Clemente Basin nearshore sites. Swell predictions remain unbiased, but swell energy prediction skill is relatively poor (0.4 b R 2 b 0.8, black squares, upper panel, Fig. 3a ). The total spectrum skill is high owing to the very high skills for seas (black triangles, upper panel far right, Fig. 3a ). Further decomposed into seasons, San Clemente Basin swell energy skill is particularly low in winter (black squares, upper panels, Figs. 4a and 5a), with R 2 ≈ 0.25 at Imperial Beach. The shelf bathymetry to the south of the Imperial Beach area is of lower quality than elsewhere, and is believed partially responsible for the low summer R 2 . Results are improved (not shown) using alternative bathymetry from undocumented sources.
For seas, the centroid frequency, f c , hindcast skill is poor and biased low throughout California, with the exception of the San Clemente Basin (black triangles, middle panels, Fig. 3a, b) , and the 2nd moment mean direction of the local seas is poorly hindcast in central California (bottom panel, Fig. 3a, b) . The lowest f c skill is in winter, while the sea 2nd moment mean direction skill is lowest in summer ( Figs. 4a and 5a) .
Coastal engineering applications
The buoy-driven model provides relatively unbiased yearly estimates of the important nearshore spectral wave parameters, for example along the San Clemente Basin mainland coast (black dots, righthand side of panels in Fig. 3b ). Here, buoy-driven regional model hindcasts of longshore sediment transport and wave runup are compared with estimates using a nearshore buoy.
Longshore transport
In coastal engineering design and regional sediment management studies, it is typically assumed that the longshore sediment volume flux, Q y , is linearly related to the total incident wave energy, E, and the longshore wave radiation stress, S xy (Seymour and Higgins, 1978; USACE, 1984) ,
The longshore radiation stress is an integral property of the second directional moment of the incident wave spectrum just prior to wave breaking,
where c g and c are the wave group and phase speeds respectively. The sine second directional moment is calculated relative to the shoreline normal, θ n , perpendicular to the assumed parallel nearshore depth contours. The predicted S xy uses the model S(f, θ) in Eq. (9) while the nearshore buoy measures the second moment (Eq. (9)) directly. Model skill, bias and root mean square errors for hourly S xy predictions at five nearshore buoys, located on relatively straight sandy sections of the San Clemente Basin and San Pedro Channel mainland coast, are shown in Table 4 . For each nearshore buoy site, a local estimate of θ n (based on the orientation of the 10 m depth contour) was used in both the local buoy and regional model S xy . Model skill is good (0.8 b R 2 b 0.9) at Huntington Beach, Camp Pendleton, and San Elijo, with poorer skill at Torrey Pines and Imperial Beach.
Alongshore sediment transport studies, particularly those associated with regional sediment management, are often concerned with monthly, seasonal, and annual time scales. Monthly mean S xy (Fig. 6 ) agrees much better than the hourly values, consistent with the small model energy and direction bias in this region (Fig. 3b, top and bottom) . At Huntington Beach, Camp Pendleton and San Elijo, the model error (difference between the solid and dashed lines) is relatively small. Additionally, the sign of the observed and modeled annual S xy are not sensitive to a ±5°θ n rotation (errors bars in Fig. 6 ). In these areas, the buoydriven nearshore S xy hindcast's seasonal and annual mean "signal" is larger than the likely "noise" owing to local shore normal uncertainty.
At Torrey Pines and Imperial Beach, S xy is weaker in general, the annual average (modeled and observed) can have either sign (±5°scatter bars, far right, Fig. 6 ). In these cases, shore normal estimation methods and assumptions (e.g. alongshore and time variation of θ n ) likely play a more important role in practical, long term, longshore sediment flux calculations. Stockdon et al. (2006) defines the highest 2% runup exceedance elevation, R 2 , as where β f is the foreshore slope, H 0 the equivalent deep water significant wave height, and L 0 the equivalent deep water wavelength based on the peak wave period, T p , and
Wave runup
Isolating the H 0 L 0 wave input parameter in Eq. (10) and replacing L 0 using Eq. (11),
where H 0 is estimated by reverse (un)shoaling the predicted nearshore significant wave height, H s , based on the nearshore peak frequency f p , or preferably (as done here), the predicted shallow water frequency spectrum S(f) is unshoaled to deep water prior to deriving H 0 and f p . Model predictions of hourly ffiffiffiffiffiffi H 0 p =f p at the nearshore buoys in CA are unbiased but relatively poor overall, with R 2 values b 0.60 and RMSE errors exceeding 20% (Table 5) .
The low R 2 skill values are largely owing to instability of the modeled and observed f p . Although a common design wave parameter in coastal engineering practice, f p and the corresponding peak period T p are poor descriptors of multimodal wave frequency spectra. In California, sea and swell peaks with similar energy are common, and f p can vary by a factor of 2-3 depending on whether the sea or swell peak is maximum (black crosses, Fig. 7) , resulting in clearly nonphysical factor of 2-3 hour-to-hour fluctuations of R 2 runup. Observed f p stability depends on the degrees of freedom (wave record length, sample rate, and frequency bandwidths) of the processed spectral data. Therefore, the model f p predictive skill depends significantly on wave climate (e.g. presence of comparable sea and swell peaks) and data analysis factors (e.g. degrees of freedom) that are unrelated to the wave transformation model skill.
For general climatic hindcasts (e.g. estimating runup during daily high tide) at locations where multimodal sea states are common, it would desirable to use an alternative empirical wave runup equation using a more stable frequency parameter.
The centroid frequency f c is far more stable (red circles, Fig. 7 ), but is heavily weighted by the high frequency (short wavelengths) tails of the spectra. A bulk frequency parameter that is more relevant to runup dynamics is the frequency of the centroidal wavelength, f cL (green diamonds, Fig. 7) ,
with the centroidal wavelengthL oc ¼ ∫∫
and where S(f) is unshoaled to deep water.
The potential utility of f cL in climatic studies is illustrated at the Camp Pendleton nearshore buoy (Fig. 8) where the bulk of the RMSE error in the hourly runup wave input parameter, and the source of the low R 2 , is the "cloud" of poor predictions for the lower half of the ffiffiffiffiffiffi H 0 p =f p values. The frequency of the centroid wavelength f cL is more stable, with improved R 2 (right panel in Fig. 8 , skill values in brackets in Table 5 ). However, f cL should not be used directly with the Stockdon et al. formulas, because f p was used in their model calibration. Instead, a best fit coefficient, C f , between the two wave input parameters, ffiffiffiffiffiffi H 0 p = f p = C f ffiffiffiffiffiffi H 0 p =f cL would have to be derived from deep water buoy data prior to using f cL in Eq. 10.
Finally, the overall fit at the highest values of ffiffiffiffiffiffi H 0 p =f p (upper right corner of left panel, Fig. 8 ) improves because the largest incident wave frequency spectra are more unimodal, and f p is more stable and predictable. Model predictions at most nearshore buoys (not shown) also have considerably less scatter in of the largest values of ffiffiffiffiffiffi H 0 p =f p . Thus, these results do not discourage the use of f p in Stockdon et al. (Eq. 10 above) when estimating design wave runup elevations for the most extreme wave events (a primary application of Eq. (10)).
Discussion
The buoy-driven modeling methodology was originally developed for use in concert with beach change studies on long, straight beaches in the San Clemente Basin region. Particular attention was given to the placement of deep water and nearshore buoys for this purpose, and this contributes to the relatively high skill in San Diego County. In contrast, nearshore validation buoys in central and northern California were deployed for other, often very site-specific purposes, in areas with locally complex or rocky shallow water bathymetry. These are demanding sites to model owing to dependence on local bathymetry or extreme sheltering. For example, while the hindcast skill at the Cabrillo Point buoy site in Monterey Bay is notably poor, with a large underprediction bias and negligible skill in the swell band, this site is highly sheltered on a northeast-facing rocky section of coast. An earlier, more time limited comparison of the buoy-driven hindcast model to wave measurements further east in Monterey Bay, on a sandy more exposed section of the coastline, yielded better results (Orzech et al., 2010) .
The present model validation metrics are more stringent than are typically used to assess wind-wave hindcast model performance. In particular, S xy depends on the mean direction of the incident wave energy flux relative to shore normal θ − θ n immediately seaward of the breakpoint. Significant wave height, a commonly used model validation metric, is better predicted than energy (tabular statistics in Appendix A) but is of lesser value in state-of-the-art nearshore process modeling. The peak wave frequency f p , or peak period T p , is also commonly used in wave hindcasting studies, but it is problematic for the California wave climate. Bimodal frequency spectra with similar magnitude swell and sea energy peaks are common, particularly in southern California, and using peak frequency estimates for anything other than extreme wave runup estimation is discouraged in favor of the more robust centroid frequency or wavelength.
Sources of nearshore sea hindcast errors
Local sea hindcast skill was highest in the San Clemente Basin, where the mainland shelf is particularly narrow and deep water buoys are closest to the coast (Fig. 2) .
In general, the sea hindcasts skill decreased in the winter, with distance between the deep water buoys and the prediction sites, and with more north-south coastline orientations. In addition, the nearshore sea centroid frequency was consistently biased low north of the San Clemente Basin sites. This is consistent with an increased violation of underlying buoy-driven modeling assumption that the local seas were sufficiently spatially homogeneous, and the buoy close enough to the coastal site, that the local buoy spectra boundary condition could be propagated to the nearshore site without invoking a wind-wave generation model. For each site, S xy has been calculated relative to an estimate of the local shoreline normal.
The mean values are based on the observations. The bias and root mean square errors are model errors relative to the observations. Positive S xy values correspond to northward or "upcoast" directed stress.
Sources of nearshore swell hindcast errors
Nearshore swell hindcasts (black squares, Figs. 3-5) typically showed lower energy skills than seas, but higher centroid frequency and 2nd moment mean direction skills. Swell in California exhibits strong seasonal behavior, with the most energetic swell arriving from the west in winter (October-March), while less energetic but persistent south swell from the southern hemisphere dominate in summer (April-September). This is believed to be the cause of the lower swell energy skill in the San Clemente Basin during winter (black squares, upper panel, Fig. 4a ) when the swell must propagate through gaps between the offshore islands, compared to the higher skill summer months (black squares, upper panel, Fig. 5a ) when swell arrives in the San Clemente Basin from the south with no island blocking.
The time lag approximation, τ (Eq. (5)) is a potential source of forward model error, but model skill R 2 was at most only marginally improved at the 13 nearshore sites by shifting τ ± 4 h relative to the buoy time series (Fig. 9 ). Nevertheless, skill in the sea band is improved by a −1 hour shift at many sites, while the swell band is better aligned with no shift from the model lags (as large as 7 h in the swell band). The sea band result is consistent with the local deep water buoy and nearshore buoy falling within the same local wind event fetch. The highest frequency sea energy at both buoys rise and fall together rather than the local sea propagating shoreward from the local deep water buoy Fig. 6 . Mean observed (solid line, black triangles) and predicted (dashed line, black squares) longshore radiation stress, S xy , both monthly and annually (mean of month means) at five nearshore buoys in the San Pedro and San Clemente Basin regions of southern California (Fig. 2, Table 3 ). The errors bars represent the sensitivity of the means to a ± 5°change to the shore normal used in the S xy calculations. Positive values correspond to a northward or upcoast-directed stress. Validation time periods listed in Table 3 . Validation results replacing f p with the more statistically stable frequency of the centroidal wavelength f cL are shown in the brackets.
with the (small, but non-zero) estimated time lag. Overall, this analysis shows that R 2 is relatively insensitive to small time lag errors (R 2 curves are flat around the R 2 peaks) and using the local deep water buoy sea band information with zero time lag may be preferable for nearshore predictions in many cases.
Two primary sources of model error in the swell band are the deep water boundary condition (buoy estimates of deep water directional spectra, S o , Eq. (5)) or the forward wave model used to transform those boundary conditions to the nearshore sites (A, Eq. (5)). Isolating these errors is not straightforward. The spatial correlation of wave model errors between adjacent validation sites, and between each validation site and the offshore wave energy, provides preliminary suggestions.
First it is assumed that the offshore boundary condition errors are mostly random in each offshore direction bin. The Datawell MK-I/II/ III series of buoys have been shown to accurately measure basic swell parameters in California (O'Reilly et al., 1996) . Noise levels are relatively low. Directional estimators, like the MEM estimator used here, are surprisingly robust for many practical applications. Nevertheless, all buoys commonly used today are fundamentally low resolution directional instruments (Ochoa and Gonzalez, 1990) . The limited (typically 1 h) observation time of buoy estimates also imposes fundamental (e.g. statistical) limitations on the accuracy of input deep water boundary conditions to the model. Directionally symmetric unimodal directional distributions (e.g. a solo swell arrival from a distant, slow moving storm) are the best case scenario for estimator performance. The directional sea-state at any given wave frequency depends on the number of concurrent wave events and their directional symmetry, but is unlikely to be a strong function of wave energy. Therefore, if deep water directional estimates are a significant source of error, and those errors are randomly distributed over the offshore directions (e.g. resulting from statistical uncertainty in the buoy measurements of the low order moments), then one would not expect the nearshore errors to be correlated with the deep water wave energy, but instead with the (unknown) true complexity of offshore directional-sea-state.
On the other hand, forward model errors, which manifest themselves in the (fixed) linear transformation matrix described by the Fig. 7 . Observed hourly frequency spectra from the Point Loma South buoy versus time for June 2014. When locally generated high frequency seas (f N 0.10 Hz) and the more consistent swells (f b 0.10 Hz) have similar energy, the observed hourly peak frequency f p (black cross) is unstable, and jumps between the swell and sea bands (e.g. [15] [16] [17] [18] [19] [20] [27] [28] [29] [30] . In contrast, the centroidal frequency f c (red circle) and the frequency of the centroidal wavelength, f cL (green diamond) are more stable. Fig. 8 . At the Camp Pendleton nearshore buoy, hourly model predictions versus observations, of (left panel) the peak frequency-dependent Stockdon et al. (2006) The issue of model error correlation is explored with additional swell band validation at the seven local deep water buoys in southern California (black triangles, Fig. 2, and Table 2 ). These buoys are inside the islands at the edge of the mainland shelf and are heavily sheltered from swell by the islands like the nearshore buoys. However, they have all been deployed and maintained continuously by CDIP since June 2002, and provide a unique set of 91,591 h of concurrent swell model error time series.
Model performance for swell at the local deep water buoys was found to be similar to the nearshore buoy results, with large negative energy bias in the two Channels (Goleta, Anacapa, San Pedro buoys), and moderate agreement everywhere else (Table 6 ). Moderate negative error correlation was found between the buoys in the Channels, which is consistent with the swell underprediction errors increasing with higher offshore wave energy, suggesting that the forward model errors may be significant in these areas.
Very little correlation was found between model errors and offshore swell energy at the other buoy locations, implying that errors in the remainder of the Bight are primarily owing to offshore boundary condition errors.
The concurrent local deep water buoy error time series allow for an additional analysis of the spatial correlation of errors between the different buoys (Table 7) .
While the spatial error correlation coefficients between the buoys are generally low, it is notable that the correlations are all positive, showing a tendency for Bight-wide over-or underprediction at any given time. In addition, the spatial correlations between the "non-Channel" buoys are consistently higher than their individual correlations with offshore energy (shaded cells, Table 6 vs. Table 7) , further suggesting that model errors outside the Channels are dominated by offshore boundary condition errors.
The San Pedro buoy error results appear to straddle the fence between boundary condition and forward model errors, showing a correlation with offshore energy and spatial correlation with the Goleta, Anacapa, Dana Point and Oceanside buoys. Model errors in the San Pedro area are likely a more balanced mix of offshore boundary condition and forward model errors.
Summary
A method to predict nearshore waves by combining multiple deep water buoy observations with a numerical wave propagation model is presented. Model performance metrics, based on wave parameters for regional sediment management and skillful nearshore process modeling, are used to assess model performance.
The regional, buoy-driven methodology demonstrated high skill and low bias in the San Clemente Basin of southern California, where the buoy-driven nearshore hindcast resolves the strength and direction of the longshore wave radiation stress on monthly, seasonal and annual time scales. At other locations, neither the model nor the observations convincingly demonstrate even the sign of annual alongshore sediment transport.
Even at the best validation sites, detailed hourly predictions showed significant weaknesses when parsed seasonally, into individual events, or into sea and swell components. The hourly nearshore hindcast skill was particularly poor in the Santa Barbara Channel and along the highly sheltered southern coast of Monterey Bay. Based on the temporal correlation of model errors with offshore swell energy, and the spatial correlation of model errors within geographic regions, it is hypothesized that the winter swell errors in the Fig. 9 . Model skill R 2 as a function of adjusted model prediction time lag correction. The maximum R 2 (symbols) are at small lags, and corrections to R 2 are small. San Clemente Basin are primarily owing to uncertainty in the shape of the offshore swell directional spectra (offshore boundary condition errors), while the errors in the Santa Barbara Channel are primarily the result of missing model physics (wave transformation errors). The nearshore wave observations available for hindcast validation are limited, but provide a context for future modeling testing and improvement. Crosby et al. (in press) shows that some of the sites poorly modeled here (e.g. Santa Barbara Channel) are also modeled poorly by an operational wind-wave generation and propagation model (WW3). A better understanding of wave spectra evolution in these regions may require new site-specific observations and modeling methods. This work highlights the importance of making nearshore validation observations along populated stretches of California coastline where high quality wave model hindcasts are critical to the success of future coastal management and science studies.
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Appendix A. Nearshore buoy validation tables Table A1 Northern and central California nearshore buoy validation statistics (Fig. 1, Table 3 ).
Nearshore buoy (hourly records)
Bulk Table A3 San Pedro Channel and San Clemente Basin nearshore buoy validation statistics (Fig. 2, Table 3 ). 
Appendix B. Time lag estimation and multi-buoy weighting
The wave energy time lag between a buoy and a prediction site, τ, is based on the shortest direct deep water path, or lag distance, d L , and the deep water group velocity, C go . Increased lag time owing to wave refraction and shoaling is assumed to be small relative to the 1 hour model time step.
The lag distance (in arc degrees) is a function of the great circle distance between the buoy and prediction site, d B , and the incident deep water direction, θ o , (either true compass "arriving from" or "headed to" direction is ok)
where β is the true compass heading from the buoy to the prediction site. Both d B and β are derived using great circle equations,
The "upwave" (shown in B.1) or "downwave" direct path proximity distance for buoy "n" (d n ), for a given prediction site, is
and is used to weight the deep water directional spectrum boundary condition, S o (θ), for θ =θ o as,
where N is the total number of deep water buoys being used to estimate S o (θ). Best results were obtained by restricting N to a maximum of 2 for each θ o , representing the most proximal upwave buoy and (if it exists) downwave buoy for each incident deep water wave direction.
